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FOREWO RD

This report covers the experimental work performed by Solar from April 1,
1977 to July 31, 1977 on Contract N00014—73—C—0401 sponsored by the Office of
Naval Research , Department of the Navy. Relevant observations from previous
work on this contract are also included. Dr. A. Diness of the Metallurgy
Program is monitoring this contract. The work was performed by Mary Ellen
Gulden , Senior Research Engineer , as Principal Investigator under the
direction of Dr. Arthur G. Metcalfe, Associate Director of Research. The
testing was performed by R. Bradley Domes, Senior Research Technician .
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ABSTRACT

Four “engineering ” ceramics were subjected to impact (single particle ) and
erosion (multiple impacts) under conditions which simulate a natural dust
environment in the subsonic velocity regime. The target materials are hot
pressed Si3N~ , reaction bonded Si3N~,, glass bonded A1 203 and hct pressed
MqF2. Tests were performed with 6 narrow size ranges of naturai quartz
between 10 and 385ii average , and S velocities for each particle size, not
pressed Si3N~ was also impacted with SiC under the same particle size
velocity conditions .

The results are discussed in terms of current erosion and impact models b’;
considering particle size—velocity dependencies , appearance of the impact
damage, and the basic properties and structure of the targets.

Under these erosion conditions , the four target materials exhibited widely
different behavior not only in absolute amount of material removed , but
also in mechanism of removal. The systems hot pressed Si3N~,—SiC particles
and ~1qF2-quartz particles were characterized by plastic impact with
associated lateral and radial crack formation , and erosion loss was
proportional to particle mass and velocity to the fourth power. Erosion of
hot pressed Si3N~ impacted with quartz particles was proportional to the
first power of particle size and velocity, and loss occurred by minor
chipping with no secondary crack formation. Erosion of glass bonded Al~ O 3
and reaction bonded Si3N4 did not show a consistent particle size-velocity
dependence . The variation is related to the two phase structure of these
materials. It was found that strength is not necessarily reduced for
erosion conditions which produce appreciable material removal.
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I. INTRODUC TION

In recent years , considerable interest has been shown in the use of ceramics
for high technology engineering components in such applications as gas
turbine engines , bearings , heat exchangers , radoines and infrared transparent
windows. All of these applications may involve impingement by solid
particles. A knowledge of impact and erosion behavior is necessary before
ceramics can be used with confidence in these systems. The materials
di scussed here , namely NC—132 hot pressed S13N4, NC—350 reaction bonded
Si 3N~,, Alsitnag 614 glass bonded Al 203 and Irtran 1 MqF2 are either in current
use or considered for potential use in one or more of the above applications.

To date , essentially two types of models have been proposed for impact or
erosion of brittle materials (Refs. 1 and 2). The earlier models were based
on elastic interaction an d predicted that material removal occurs by the
intersection of Hertzian ring cracks on ~he substrate surface . This process
has been observed on several materials under static and low velocity impact
conditions with relatively laro, spherical ~articles (for example , see Re f.
3), rore recent analysis has ~reated static and dynamic plastic indentation
which is characterized by pla tic deforma~ ion of the contact area between the
particle and the tarqet , with radial cracks ropagatinq outward from the
contact zone , and with subsur ’ace lateral cr~~ ks F ropagating outward on
planes nearly parallel to the - ojrf ace- . The former are considered a source of
strength degradation and the lat t t ’-r  a }< ‘ er . t i a l  source of material r emoval.
These models are based on sinqle imi acts and were developed for isotropic
materials under idealized conditions. One objective of this investigation
was to assess the validity of these models to predict erosion of engineering
ceramics by natural dust environments.

The experimental approach for this investigation has been to perform single
impact and erosion (multiple particle imr acts) tests in a controlled manner
to simulate a service environment in the subsonic velocity regime. This
approach advances the understanding of erosion mechanisms of engineering
materials as well as providing data of direct value in application of these
materials to engineering structures.

2. EXPERI MENTAL PROCEDURE

2.1 MATERIALS

The target materials exhibit a wide range of properties and structure. The
properties considered pertinent to erosion response ar~ listed in Table 1.
Properties of the particles are also shown.

Angular , high purity quartz particles were used for most of the erosion
testing. Quartz was chosen because in previous work on metallic erosion , it
had been found to be the principal erosive component in natural dusts , i.e.,
the amount of erosion was directly proportional to the percerttaqe of quartz
in the natural dusts (Ref. 4). Six particle size ranges were used as

1 
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Table 1

Physica’ Propertic’s of Target Materials and Particles

E~act t e  V rart. ccr e r~c ntis t lc
Modu lus  Tccuqhness Ha nes~Y’ ITT ed an’-c~

GPa tWa C ’12 GPa Xgm .c~~ x c in

Hot Pr-eased Si 3N4 320 5 16 3 .2  Pseudo s i n~~ie  I h .c~~c- -

(NC—1 32) 2u grain size

Glass Bonded A1 203 324 3.2 12 4 2’-phase — 4% glass.
(Msimaq 614) 96% A1 2 03 , 1O~i grain

Reaction Bonded 170 2.2 3 2 Multipha se - Si 1N~, +
Si 3Nk (NC—350) jor os ity 4 ‘0 ~ i ( - ,

~~cr fac )

Hot Pressed MqP 2 170 1 6 3.2 single phacc o - -

(Irtran I) grain sizo

Natural Quartz 95 ~‘-0.7 “6 1.6

SiC 420 ~3 ~23 

-

5The hardnesses are the quasi—static Vickers hardness in the macro
indentati on load independent regime .

follows : less than 30, 44 53, 62—74 , 105—125 , 250—297 and 350—420um. These
size ranges were chosen to be representative of airborne dust and to )-rovidr-
significant particle mass differences of at least 1/2 order of magnitude .

Angular silicon carbide particles of the following size ranges : less

~har 24, 25—85 , 50—165 , 2(3—495 , 356—813 , and 660—1346 -r, were sur-r-lied 1v
Bendix Abrasives Division. T1~~ primary reason for selecting SiC as the
second particulate was because of its much higher elastic modulus and
hardness compared with quartz. However , the results of the SiC particle

~-ests have direct practical value because it is used as an additive in
aircraft carrier antiskid decking.

2.2 E R O S I O N  T E S T I N G

Erosion tests were performed with a stationary target impacted h’; j-articles
accelerated in an eli stream. Particles are injected into the stream three
meters from the target t r -  provide sufficient distance for accelerat~c-n . ~~ -d -.
pressure , filtered and chc’mirally dried air ~s u sed for the ~artic1e c rlc’
gas. The carrier air ve1oci~~- ii~ rv asurr d usinq standard T~ trt ‘~ul-~e
techniques. The air velocity variation across the 0.95 cm diameter nozzle is
less than five re r - - --r ~

- and vc-’loo it-y is varied between 15 and ~43 n
tser to

achieve the desired ; nrticle volecity.

rarticle veloci’ . is measured usinri the rotating double disc technique
descr i bc- d in Rc f- -n ’ncr 5. Cor~ orison with ralculated velocities based or two
phase flow theory is good ( R e f .  6) Pive velocities for each particle size
range were used to establish erosion rates .



All erosion tests were performed at 90 degree impin gemen t an gle at ambien t
temperature . Perpendicular impingement is at or near that for maximum
erosion of brittle materials. The number of particles used per test was
varied from a few particles (to examine single particle impacts) to as many
as 10~ (to insure initiation of uniform erosion and to avoid incubation
effects) over a 0.71cm2 target area. The particles are fed into the gas
stream using a precision feeder at a sufficiently low concentration such
tha t particle interactions in the carrier gas stream or on the target
surface are negligible. For the longtime—large number of par ticle tests,
the specimens were weighed at spe ci f ic  time in tervals to assess any changes
in erosion with number of impacts. A detailed description of the erosion
test apparatus is given in Reference 6.

2.3 S T R E N G T H  M E A S U R E M E N T S

Strength was determined in three point bending for both forms of Sj 3 NL~ and
the Al 2 03. Baseline values were obtained on as-received material . To
determine a strength loss threshold , strength of eroded specimens was
measured over a wide range of test conditions from preweight loss to deeply
eroded specimens. Eaci’ specimen was visually examined to insure that failure
originated in the area subjected to particle bombardment. The eroded areas
which are circular of 1 cm diameter were located in the center of the 2.5 or
1.25 cm specimens to insure no extraneous edge effects on strength
measurements.

2 .L~ EXAM I N A T I O N  OF E R O D E D  S U R F A C E S

The eroded surfaces were examined both optically , and by replica transm ission
and scanning electron microscopy . The progression of impact or erosion
events was monitored by examining the specimens after various number of
impacts for several particle size — velocity combinations ranging from single
particle impacts to deeply eroded surfaces. The surfaces were also examined
in cross section to assess the nature of subsurface damage.

3. EXPERI MENTAL RESULTS AND DIS CUSSION

This section is separated into four parts. Initially , the erosion dependence
on particle size and velocity will be presented for the 5 target—particle
combinations , followed by discussion and examples of the type of impact
damage that occurs. Effect of erosion on strength will then be presented ,
and in the f inal section a comparison between erosion behavior in terms of
impact models and material properties and structure will be made.

3
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3.1 EROS ION FUNCTION OF PARTICLE SIZE AND VELOCITY

The customary method of reporting engineering erosion data is by plotting
erosion weight loss versus some function of the erosive environment (i.e.,
particle size, velocity , weight of dust ingested , etc.). Under the same
erosion conditionc this approach provides a relative ranking of erosion
response of the various target materials. Additionally , the phenomenological
models proposed for erosion response include dependent functions for particle
size and velocity , so that a knowledge of the particle size and velocity
dependency of erosion behavior is an important first step to understanding
the actual erosion mechanism.

Erosion weight loss as a function of particle mass and velocity was
determined for conditions involving millions of particle impacts. This large
number of impacts was necessary to insure that uniform erosion is occurring ,
and that effects from starting surface condition were minimized. In the case
of reaction bonded Si 3N~ (RB Si3N~) the as-fired surface layer was removed
prior to erosion testing because it was found to erode at a much more rapid
rate than the parent material, Weight loss per particle was plotted versus
particle radius (log-log plot) and the slopes at constant velocity were
measured to determine the particle size exponent. A similar plot of weight
loss per particle versus particle velocity yielded the particle velocity
exponent at constant particle size.

Two distinct relationships were observed. For the systems, RB Si 3N~, and MgF2
impacted with quartz particles and hot pressed Si 3N~ (HP Si 3N~ ) impacted with
SiC particles, erosion is proportional to the fourth power of both particle
size and velocity. The results are shown in Figure 1 for the three systems.
The data is shown as volume loss to give a more meaningful comparison for the
different density targets . The relationship between R~V

4 and erosion is
valid over 8 orders of magnitude for MgF2-Quartz and HP Si3N~,-SiC , which
corresponds to 6 particle size ranges and 5 velocities between 24 and 285 tops
for each particle size. The relationship also applies for RB Si3N~-Quartz for
all particle sizes at higher velocities. These results suggest that a single
mechanism is con tro1li~tg erosion under these test conditions. The data
points associated with arrows correspond to weight increases that occurred
after low velocity erosion tests on RB Si3N~ . Since RB Si3N~, is an
inherenti” porous (“-.25% porosity) material , it is probable that the weight
increases correspond to embedding of the quartz particles in the target.
This will be discussed later in more detail.

For a given erosion condition with quartz particles , the amount of MgF 2 lost
per impart is approximately 1-1/2 orders of magnitude greater than for
r~ Sj~ ti L . Up Si 3N . impacted with SiC particles is intermediate between the
two.

The system HP si~~~~~, impacted with quartz particles showed a significantly
different erosior~ d pendency on particle size and velocity than the systems
previously discuc3o cJ . Erosion is proportional to particle size to the third
i’ -- .~~r and v. iocit~ to the first power which is a measure of particle momentum

4
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Fi gure 1 . Eros i on Versus Particle Size and Velocity to the Fourth Powe r
(velocity varied between ~4O and 285 m/sec)

(particle mass times velocity). The results for this system are shown in
Figure 2 plotted as volume loss per particle versus a measure of particle
momentum . The results are valid over the entire range of particle size —

velocity combinations investigated. Deviations from the straight line
relationship occur as the volume or weight loss threshold is approached for
115 and 273ii particles. The results for this system indicate that a single
mechanism or erosion process is operative within this range of test
conditions and that the mechanism of erosion of HP Si3N~ by quar tz particles
is signif icantly di f f e r ent than the other three target - particle systems
which showed a R~V

1
~ erosion dependence . For equivalent particle size —

velocity tests on HP Si 3N~~, the amount of material lost with SiC impacts was
2 orders of magnitude greater than for quartz impacts (highest velocity
tests) .
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Glass bonded Al2o3 (GB Al203) impacted with quartz particles did not exhibit
a consistent particle size — velocity dependence . Erosion was proportional
to particle radius cubed over the entire range of particle sizes , but the
velocity exponent varied between 3 for the smaller particles and one for the
larger particles at higher velocities. The test data for erosion with the
larger particles is also shown in Figure 2. Apparently , the rate controlling
erosion mechanism or process is changing for these test conditions. This
change is believed to be related to the 2—phase structure of the target and
will be discussed further in the following section .

3.2 EXAMINATION OF ERODED SURFACES

Surfaces were examined for a range of erosion conditions varying between
single particle impacts and erosion to a depth of several grain diameters for
the various particle size velocity test conditions. Generally , the heavily
eroded surfaces were sufficiently damaged that little information was
provided concerning erosion mechanisms or processes. However , sin gle
particle impacts have provided insight into the process of erosion for these
target materials. Figure 3 shows examples of single particle impacts for
those target—particle combinations which exhibited a consistent particle-size
velocity dependence. The types of impact are typical for each system although
magnitude varied with particle size and velocity . The contact areas
estimated for purely elastic impact by a spherical particle are giver, to
illustrate variations in damage magnitude . HP Si3N4 impacted with SiC
particles and MgF2 impacted with quartz particles (Fig. 3a and 3b) both
exhibited plastic impact accompanied by radial and lateral crack formation.
The radial cracks extend outward from the particle contact zone and are
generally perpendicular to the surface. Lateral cracks also extend fr or ~ the
contact zone but are subsurface and approximately parallel to the surface.
This type of impact damage has recently been observed in other systems
(Ref. 2). Material removal occurs by loss of a portion or all of the
laterally cracked regions. The dark semicircular regions in Figures 3a and
3b correspond to laterally cracked material which has been removed during
impact. Also shown in Figure 3a by polarized light reflecting conditions are
the lateral cracks which have not resulted in material loss. Since HP Si~~~.
is opaque , subsurface cracks are not observable by the polarized light
technique. Fo~ these two systems , the extent of damage or material loss is
much larger than the particle contact area.

Figure 3c shows a quartz particle impact on RB Si3N4. The impacts in this
system are characterized by relatively deep pits with no apparent evidence of
secondary cracks intersecting the surface. The approximate calculated
contact radius (“-~35ii) is of the same order as the pit. The appearance of the
pit is one of plastic impact. However , since this material is inherently
porous (“-.25%), the phenomena could be one of crushing rather than plastic
deformation . This porosity might also be expected to arrest crack
propagation which would occur in a fully dense material. The type of impact

7
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damage shown in Figure 3c is characteristic of the RB Si~ N~, quart;: article
system except for the smallest particles (lOp) where single impacts could not
he -~ifferentiated from the inherent porosity. F.xairination in cross -:ection
revealed radial cracking beneath the contact area that p ropagated through the
pores.

The type and magnitude of damage produced by quartz particles an HP Si~ N~ is
entirely different from that of the three systems p reviously discussed. An
example is shown in Figure 3d. The chip which has been removed (a-4p dia) is
:paite small compared with the approximate calculated contact diameter. For a
corner oriented impact with an angular particle the contact area would be
smaller and the stresses would be greater.

An estimate of the volume of material removed aer impact can be made from the
weight loss data on heavily eroded surfaces (data fron Figs. 1 and 2). For
all of the systems shown in Figure 3, the volume removed per impact for
heavily eroded surfaces is within a factor of 2 of that measured from single
particle impacts . Considerinc the statistical nature of the calculations and
the test procedure , this shows -iite good agreement between single particle
impacts and bulk erosion and su;qests that secondary cracking and residual
erosion damage nay not play a sHaificant role Ia. the erosion process under
these test conditions.

The discussion to this point in this section has concerned the
target—particle systens which exhibited a uniform particle size-velocity
relationship over t ::e e nt l r c  range of test conditions (excep t low velocity
im pa c t s  on RB ti~~;;.). The system GB Al203—Quartz particles did not show a
consistent re~~a t ir r a h - . : . The- structure of this material is characterized by
Al 2O~ grains ( 10~ diar~:t-- r ) surrounded by a glassy intergranular phase. The
qlass can be as wide as 4tc in the vicinity of grain boundary triple points.
It was found that siricle irr~ act damage for lOp impacts produced plastic flow
in the grain boundary phaso and minimal damage to the Al203 grains. The
erosion process occurred by flow and removal of the glass to the extent that
entire grains were lost. An example of a surface heavily eroded by lOu
quartz is shown in Figure 4 .  The depth of erosion corresponds to ~~ 4 grain
diameters. As can be seer., l ittle damage has been sustained by the Al 203
grains. As the particle size was increased , chipping of the Al203 grains
occurred in addition to flow of the glass. This chipping is similar in
appearance to that which occurs in the HP Si3N1~-Quartz system.

Hertzian type cone or ring cracking was not observed for any of thesa systems
under these test conditions .

Examination of the impacted and eroded surfaces has shown that more than one
type of impact occurs for this group of target materials under these test
conditions . A discussion of the reasons for this variation based on
properties and structure of the targets and particles will he given in the
General Discussion section .

10
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3.3 STRE N (h H OF EROD ED SPEC IMEN S

Strength .ittcr ~: - a v cr asion  v- -t s J rt e r m i ned for  HP Si 3N 1~ , RB Si3N~ and GB
Al 2 03 ~‘l iri~~ - -r~~d ‘.~- :t1: uartz ~~;ti cles (same test conditions used to
develop F igs .  1 and i icc cI - -c ii ner~ t:ro-ied at particle size—velocity
conditions below thL ~~:ht loss ~) ;& - ~ ho1ds) . It was originally expected
f rom I1ert :~;cr. t ~- & - - o :, a i - i e i~~ t i ’~- i . c  t h a t  a s t rength  decrease would occur for
m l  ac~ raid : as ~-1ow h- cc c.e~ -ie l t ual  weight loss , i .e • , cracking
would occur , P it  P~- ti cIci.t ‘a r ac u -~~ material loss. Above the weight
loss ti reshol i , - 

~ - 1: - - - v:-- 1 eX} -~ ctI --u to recrease.

The str n-ltd r - s r l t  I - I1 - cauw:. ~~: . ;  i~ h .  The baseline strengths plus one
standar- . c1c- 111 ,I- i ’c i. - i  - :I: or L-dH ~~~ 1: - : ct  material. An estimate of the
critica~. 01:1- s a L -  ~s ~Jao SI- w a . This  -;as calculated from fracture
toughnes~, L- r~ - tivcr, ii - . ‘:c ; ~~~ 1 us irc~ t h e  relationship for three point bend
specimens ( F L . 7 ) .  Thr  a t  ~ z :- , r hc ,1~~ t~~i erosion are shown as a function of
toe base ~ ir  a t r e x  ; u h s  ic ( J r v . ; , - thL ~-e: c utaqes whi ch have strengths
greater  r - . i , w i t h i n  L , a n — I  e~ s Ya~i -l standard deviation of the
noneroded ~ at i - i c  - -

HP S1 3 U1, an the  -It A1~~: -  d i i  O — ’ t  :-a :~ h ;t  a strenqth decrease under these
test con d i t I - : ~~~ ern::I ’~n -~ar ~ 

1 0 37p . For HP Si 3Nc4 this depth
correul ond~ 

1 c x l°~ ~~~~ ~~Ie i ii: a cr 600 grams of dust on a 0.71 cm2

area. T h a i  - - - I - c a r e - I  ‘ e-~ :i r - ~ a r - 
~~~- increase ( f rac ture  stress for  50% of

the spec imei c ‘a I ~~~ - - r Iai  -a c~ -i r - ,~i i r i  deviation above the baseline
s t r e n r 1  ) w l . r : t  ii - lI la-i a i~~~~ i 5 h i i ’ l  :- - - r -,omenon may be occurring. No
specimens ~~s; i r - : I I a a t r r - s a  ~~a, t a n  ‘h e - ‘ne standard deviation band . The
erosion car t I  is - i ~~-~ r ( - : - : -1 ) t c - I y  ‘-h r  ‘ :r~ - s the estimated critical flaw size
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Table 2

~t r enqtn  Dis t r ibut ion of Eroded Specimens Rela t ive  to Standard S t rength

Ftc—Erosion Baseline Post—Erosion a - I - ’ , 
~- l s i r l i - t  lv, 

— —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
A3~~ve 0 ~~~~~

~~~~ MPa ~~~Flaw ze TestS DePth l~~~
4 

+ i t 3 . Dov.~~~ a- . a-v .  td. v~

HP Si 1N- 798 1- 12A 11. 25 3 1 50 50 0

GB ia- a 3 252 + 21 4 3  51 35 41 3 1’

~~ it ~~~~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~ L -- 

82 a

a Minim ,~., St rength  81 HPa Corresponding to Critical Flaw Size vf ‘-lOOi

which indicates that under these test conditions , the effective flaw size
produced by erosion is no larger than pre-existing f laws characteristic o f
the “standard” machined surface . (Because large n umbers of flaws are
introduced by erosion or machining, the effective stress concentration will
depend on both size and spacing of flaws . In contrast , c r i t i— a l  flaw sizes
were calculated for isolated f l a w s .)  In conf i rmat ion , examination of the
eroded surfaces iri cross section did not reveal apparent subsurface d arnap e ,
i.e., the structure under the eroded area was indistinguishable from that
below the as—machined surface and subsurface cracking was not apparent.

The trend toward a strength increase is not as conclusive with GB A1203 as
with HP Si 3N~ since 16% of the specimens failed at stresses below the one
standard deviation range. Furthermore , although the maximum depth of erosion
(a35p) is approximately four grain diaxnete—s , this also corresponds to the
estimated critical flaw size of the baseline material . However , the resul ts
indicate that erosion under these test conditions do not r~roduce f laws
greater than those inherent to the as-sintered surface.

RB Si3N~ did exhibit a marked strength decrease under these erosion test
conditions . Strength decreased rapidly for the first lOOp erosion depth and
remained essentially constant at 100 MPa up to the maximum depth tested
(350). The tests were performed in the as—fired surface condition where the
surface oxide layer is ‘elOOp deep . The lowest strength (81 MPa) corresponds
to an increase in estimated critical, flaw size over the baseline ma terial of
one order of magnitude (l7p compared with 200p). The depth of subsurface
cracks perpendicular to the surface is also ‘e200p for this erosion
condition .

Accordinq to the model for Plastic impact response, the strength of the
target 

~
°F~ 

should be dom ina ted by rad ial crack formation by the followin g
relation:

K 1~~~ ’4

Ref .2F
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where Kc is tarqet fracture toughness, V is par ticle velocit~’ and ~
- -

r’article radius. A log—log plot of strength versus (V0~~ R
0 

)
‘
~~~ 

for reaction
bonded Si 3N1, is shown in f iqure 5. The data falls roughly into two groups
which both have slopes close to one on a loq—loq basis. The major -

~ I f f e r e ri c e
between these two groups is particle size and depth of erosion . The de p th  of
erosion for these particular specimens subjected to lOp particle bombardment
was still within the surface layer which has different material properties
and composition than the bulk material. Furthermore , the type of damage and
hence flaw type apparently differs from that produced with the larger
particles. Subsurface cracking is minor compared with that r~roduced with
larger par ticles , and embedding of the lO p par ticles was observed .

crnce quartz is the most erosive constituent of natural dusts and the
particle size—velocity conditions are typical of airborne dust , these results
have direct practical significance , and indicate that a strength decrease
does not necessarily occur for erosion conditions which produce appreciable
material removal (HP Si 3N1, and Alsimag 614 glass bonded A1203). This would
be expected to app ly as long as the load bear ing volume is not reduced
significantly.

500

_ _ _  _ _

- D115~
,

~ 273 ,~
- 

V 385~

50 I I I ______ j
~~~~~~~~ .

50 100 500 1000 5000

v0. 5 R 0 .8) , m ’~
3 S0 5

Figure 5. Strength Versus Function of Predicted Radial Crack Formation for
Reaction Sintered Si 3N~ Eroded by Quartz
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3)’ GE NER A L D I S C U S S ION

In this section , a compar ison wil l  be made between the erosion behavior of
the various target materials , and the results will be discussed in terms of
impact models and material properties and structure.

Four “engineering” ceramics have been subjected to erosion conditions
considered characteristic of a natural dust environment. Under these
conditions, the erosion response differs markedly (Figures 1 and 2), and for
a given condition, there is approximately one order of magnitude difference
in volume loss between each of the targets. There is also considerable
variation in material properties and structure between the targets. Table 1
lists the physical properties considered relevant to erosion response . Of
the properties listed , fracture toughness is the only property which varied
consistently with erosion. The other properties (elastic modulus, hardness
and acoustic impedance) would predict either less separation in erosion loss
or a different ranking of erosion resistance . Furthermore the particle
properties can also have a strong effect on erosion as evidenced by the fact
that erosion of HP Si 3N~ by SiC particles is approximately 2 orders of
magnitude greater than with quartz particles for equivalent particle
size—velocity test conditions , and the type of impact damage is entirely
different.

To date, essentially two types of models have been proposed for solid
particle impact or erosion at subsonic velocities. The earlier model was
based on Hertzian type purely elastic interaction where material removal
occurs by the intersection of ring cracks on the substrate surface. This
model was expanded to include Weibul]. statistics whereby erosion was a
function of the distribution and size of flaws under the particle contact
area (Ref. 1). This relationship predicted that

E cx R~V
2 ’7

(where E is volume removed per particle) for a Weibull modulus greater than
12 and impact with angular particles (Ref. 1). This velocity dependence was
not observed for these test conditions , nor was ring cracking.

The second model has treated static, and more recen tly dyn amic , plastic
indentation which is characterized by plastic deformation of the contact area
between particle and target, radial cracks propagating outward from the
contact zone, and lateral cracks that initiate beneath the contact zone and
propagate between the radial cracks on planes nearly parallel to the surface.
It has been observed for a variety of single phase targets impacted with
relatively incompressible projectiles (impact conditions above plastic impact
threshold) that the length of radial cracks, and the depth of lateral cracks,
for single impacts, followed the relationships predicted by the model
(Ref. 2).
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i f  it is assumed that maximum erosion loss per impact is proportional to the
valurn e  encompassed by the la teral cracks , then the plastic impact ~~- -i el

1’ O~ 2 5
E V2 • ~~ 

H K 3 f (M)

where is particla-- density, 11 is t a r q et  hardness , and f ( M )  is th e  f r a r - t :o n
of the k~olume encompassed by t h e -  lateral cracks that is actually removed and
is considered a material dependent variable. Since the experimcr.tal erosion
data for this t\ - : e c - f  impact (HP Si 3N~ impacted with P l C , ~nd M i r ~~-, i rn i -ac ted
w i t h  ~u ar t z )  revealed both a radius and velocity dependence to the fourth
l ower, the term f(M ) would have ~o include a velocity dependence , to obtair.
conformance with exi-eri neatal iat~-i. This would require that the formation of
lateral cracks as well as the “olurne of laterally cracked material actually
removed be velocity dependent.

A log—log p i - t  of i- /V 2 R t’ v er a c; 1 /r I Kc for the four  target  mater ia ls
shows a slope of 0.25 l-etweer- t h e -  2 t a r g e t — p a r t i c l e  condit ions which
exhibited typical plastic m i . act response (Fig. ) .  The erosion data in
F icu r e  6 is an average of a l l  of the  r article—size velocity test conditions -i-
one standard deviation . However , a j lot of E/R~V~ versus p 1~/H K 6 usi ng all
of tl-:e erosion data (much smaller data band than for E/Rt’V2~~

5) a~ so exhibited
a alope- of 0.25 between HP Si iNc—S iC and MgF~ -f’uartz.

Erosion for the other target—particle combinations falls below that expected
from the plastic impact model although the relative rank is consistent with
the model. In the case of HP Si 3N1, impacted with quartz particles, this is
expected since the impact condit ions are apparently below the plastic impact
fracture threshold (material removal occurs by minor chipping  with no
aM arent  secondary crack formation). However , GB Al203 and RB Si 3N14 did
exhibit plastic deformation .

The model assumes an isotropic material. For the purposes of this
investigation , both MgF2 and HP Pi 3N1~ can he assumed to be single phase
materials  (HP Si 3N~ contains a minor grain boundary phase , but the 2p grain
-iize would average this effect over the particle contact area). However , GB
Al 2O~ and RB Si3N~ are not single phase materials. RB Si 3N 1~ contains ‘e25%
porosity , and although the impact craters had the appearance of plastic
impact , it is possible that crushing is occurring under the contact area.
Support for this hypothesis is given by the fact that particles embedded in
the ~urface at low velocities for all particle sizes. Also , the lack of
secondary cracking outside of the contact area may be related to the crack
l;lunting ability of the pores. Erosion of GB A1 203 is a two step process
which is directly attributable to the two phase nature of the structure .
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Figure 6. Relationship Between Erosion Data and Plas t i c  Impact Mode l

The particle composition and properties obviously affect type of erosion
response. However, from this investigation only general comments can be made
concerning the influence of particle type on erosion of a given target. It
appears that for plastic impact response , the particle mechanical properties
must clo5ely approach or exceed those of the target. For impact and erosion
conditions where the particle properties are appreciably lower than the
target, the erosion process is less efficient.
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z~. CONCLUSIONS

o c r a n i c  ma te r i a l s  wi th  widely d i f f e r e n t  proper t ies  and ~~~~~~~~ re we r e- -
eroded under condi tions which simulate a service dust envmr-:~nn er t  I .e .,
13—385p natural quartz particles at subsonic velocities. A d - il ticn a il y, cr .e

the targets (HP Si3N~ ) was impacted with SiC i.-article s ever thc- same
arttcle—size velocity conditions . The following i article size—velocit- :

re lationsh ips for erosion were observed:

E cx R4V~ MgF2-Quartz, RB Si 3N~4—Ouartz
HP Si 3N~— SiC

E a R3V HP Si 3N~ -Quartz

1. -a R3V1- 3 GB Al 203

Single particle damage for the systems HP Sj3Nt, impacted with SiC c - r d  2
impacted wi th  quartz was characterized by plastic impact and radial  an~
lateral cracks propagating from the contact area. The diameter of n a t e - c  ial
removed could be as much as 3 times the contact diameter (corresponds to a
portion of lateral crack formation). The diameter of material removed f-j r FJ~
Si~~N L~ was essentially the same as the estimated contact diameter and either
plastic deformation or crushing occurred. Erosion of HP Si~ N~ impacted wio }.
quartz occurs by minor chipping which is an order of magnitude less th a n  the-
estimated contact radius. In the latter two cases, secondary crackino ‘s-as
not observed on the surface. However , RB Si 3N~, exhibited extensive
subsurface radial cracks under the contact area. Erosion on glass bonded
Al 203 is a two—step process involving plastic deformation of the ~:lass
chipping of Al203 grains.

Based on these results , erosion is a function of particle radius and velocity
to the fourth power for a plastic impact response . For a single phase
material (HP Si3N~ , MgF2) erosion appears to follow the function of fracture
toughness and hardness predicted by the model for plastic impact . However ,
for rnultiphase materials , structure also influenced erosion response . Below
the plastic impact threshold , erosion is a much lesser function of veloci ty,
and elastic ring cracking was not observed. The plastic impact threshold was
more a function of target particle type than of particle size and velocity .

2trength measurements after erosion with quartz revealed that strength is not
necessarily reduced after conditions which produce significant material
removal. (HP Si 3N~ and GB A1203 did not show a strength decrease , while RB
Si 3N~ exhibited a major strength decrease.)

It is concluded that more than one mechanism of erosion exists under
“natural” dust environments, and that the mechanisms are dependent not only
on target physical properties , but also to a large extent on structure .

17

- —

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ —~~~~- ~~~~~~~~~~~~~



---— -~~~~~~ . --~~~~~~~ -~~~~~~~~~~~ 
-- -- --- --— - --

~~~~~~~~~~

REFERENCES

1. Oh, H.L., Oh , K.D.L., Vaidyanathan, S. and Finnie , I., On the Shapinj of
Brittle Solids by Erosion and Ultrasonic Cutting,NBS Special Publicat.~ er.

348, 1972, p. 119.

2. Evans, A.G., Gulden , M.E., Eggum , G.E. and Rosenblatt, M., “ Impact
Damage in Brittle Materials in the Plastic Response Regime ,” Contract
N000l4—75—C—OO69, Report No. SC5023.9TR, Rockwe ll International Science
Center, Thousand Oaks , CA , 1976.

3. Adler , W.F., “Analysis of Multiple Particle Impacts on Brittle
Materials, AFML Tech. Report 74—210, Wright—Patterson Air Force Base ,
OH, 1974.

4. Smeltzer, C.E., Gulden , M.E., McElmury , S.S. and Compton , W.A .,
“Mechanisms of Sand and Dust Erosion in Gas Turbine Engines ,” USAAVLAB S
Tech. Report 70—36, Fort Eustis , VA, 1970.

5. Ruff, A.W. and Ives , L.K., Wear , Vol 35, 1975, p. 195.

6. Gulden, M.E. and Metcalfe , A.G., “Study of Erosion Mechanisms of
Engineering Ceramics,” Solar Report P.DR 1778—4, Solar Tu rbines
International, San Diego , CA , Contract N00014—73-C-040l, 1976.

7. Evans , A.G. in Fracture Mechanics of Ceramics 1, R.C. Bradt, D.P.H.
Hasselman and F.F. Lange, Ed., Plenum Press , NY , 1974, p. 17.

J

18 

- -~~ -~~~~~~~~~~~~~~~~ — -  - - -   - --  ~~~~~~
-—

~~~
- - -- -~~~~-



~~~~~~~~~~~~~ - - -  ~~~~~~~
-
~~~~~~~~~~~~
---

~~~~~~~

-

~~~~

DISTRIBUT I ON LIST

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - ~~~~~- -  ~~~~~~~~~~~~~~~~~~~~~~ - -—



BASIC DISTRIBUT ION LIST October 1976

Technical and Summary Reports
No. of No. of

Organization Copies Organization Copies

Defense Documentat ion Center Naval Construction Bat allion
Cameron Station Civil Engineering Laboratory
Alexandria, Virginia 22314 (12) Port Huenerne, California 93043

Attn: Meterials Division (i)
Office of Naval Research
Department of the Navy Naval Electronics Laboratory Center

San Diego , California 92152
Attn: Code 471 Ci ) Attn: Electron Materials

Code 102 (1) Sciences Division (~~I
Code 4~ O (1)

Naval Missile Center
Commanding Officer Materials Consultant
Off ice  cf Naval Research Code 3312—1
Branch Office Point Mugu, California 93041 (:)
495 Summer Street
Boston , Massachusetts 02210 (1) Commanding Officer

Naval Surface Weapons Center
Commanding Officer White Oak Laboratory
Office of Naval Research Silver Spring , Maryland 20910
Branch Office Attn: Library
536 South Clark Street
Chicago , Illinois 60605 (1) David W. Taylor Naval Ship R&D Center

Material s Department
Office of Naval Research Annapolis, Maryland 21402 (1)
San Francisco Area Office
~6o Market Street , Room 447 Naval Undersea Center
San Francisco, California 94102 San Diego , California 92132
Attn : Dr. P. A. Miller Ci) Attn : Library - - 

Ci)

Naval Research Laboratory Naval Underwater System Center
Washington , D.C. 20390 Newport , Rhode Island 02840

Attn: Library (i)
Attn : Code 6000 (1)

Code 6100 (1) Naval Weapons Center
Code 6300 (1) China Lake, California 93555
Code 6400 (1) Attn: Library (1)
Code 2627 Ci )

Naval Postgraduate School
Naval Air Development Center Monterey, California 93940
Code 302 Attn: Mechanical Engineering Dept. (1)
Warminster, Pennsylvania 18974
Attn: Mr. F. S. Williams (1) Naval Air Systems Command

Washington , D.C.  20360
Naval Air Propulsion Test Center
Trenton, New Jersey 08628 Attn : Code 52031 (i)
Attn: Library (i) Code 52032 (1)

Code 320 (1) 

- - -~~~~~~~~~~~~
- —~~~~~~~~~ ~~~~ -~~~~~ - - - - -



BASIC DISTRIBUTION 1.1. 2 ‘ j -~ -~~ or 1976

do. of I~ C- . of
c-f ~~~~~ 1Zat i~~t i  Copies ~~~ -- Copies

Nava .. Sea System Command NA..~A ~i - e .  . - . - r ~ -
- -

Wa~iiington , D.C. 20362 Waohi~~-~ ~~ ,. , - [~~. 20546
Attn ; Code 035 Cl) At~ n : C (1)

Naval Facilities ~AfA
Engineering Co an d ~-~ w i s  ~~

- . - - .- - c .

Alexandria , Virginia 22331 1_ _i000 P~- ‘
~~~~~~

Attn : Code 03 (1) ~~~~~~~~~~ ~ : ~~~~~~~~~~~

Attn : (ii

~~ientific Advisor
Commandant of the Marine Corps National - - .--~~ -~~~~ . of ’ ~t andar1n
Wa.;h~ngton , o .C.  2O3~ O WashingtoL. , . .- .C .  ~~~~~
Attn : Code AX (1)

Attn : Met~~~~~- j  Liiv~.si~ r1 ( 1 ,
.avai Ship Engineering Center In-D r~ar.ic Materials Div~s~ cr~ ( ,
Department of the Navy

~~~ EG ~2 Defense Meta~s and Ceramics

~732 East—West Highway Info~~ation Center
Pri:.ce Georges Plaza Battelle Memorial Institute
iiy~ttsvi1le, Maryland 20782 505 King Avenue
At t n :  Engineering Materials and Columbus , Ohio 43201 — i

Services Office , Code 6101 Ci)
Director

Ari~y Research Office Ordnance Research Laboratory
Box CM , Dak L- Station P .O .  Box 30
~~~- ;a m , ~-crt i. Carolina 27706 State College, Pennsylvania .c~2- .
At t r A : Metallurgy & Ceramics.Div. (i)

Director Applied Physics Labor tory
Ar~.y Materials and Mechanics University of Washington
Recearci. Center 1013 Northeast  Fortieth Stroc
~~~ crt own , Massachusetts 02172 Seattle , Washington 98105 ~~~~~

At~~~: r~t . 3 . Programs Off ice
( AIv~Qv1R~ P) C i )  Metals and Ceramics Division

Oak Ridge National Laboratory
Air Force P.O. Box X
3f:’~ce c i ’ ..~cientific Research Oak Ridge , Tennessee 37380 (I)
B . o ; .  410

~~~~~~~ A ir  Force Base Lo~ Alamos ~ L- i en t - i f i c  Laborat -~ ry

~a;.~ng~~r , D.C. 20332 P.O. Box 1663
ALtn: ~ne~r.ical Science Directorate (1) Los Ala.mos, New Mexico 87544

o±iictronics and Solid State Attn : Report Librarian (i)

~~~~~~~~~ Directorate (1)
Argonne National Laborator~

Air  Force Materials Lab (LA ) Metallurgy f l iv i~~ion
W r i g r i t — i ~~ttur son  AFB P . O .  Box ~~~
Dayton , Ghi1  45433 C i ) l~emon t , Ili j i ols 604 39 C i )

~

_-——- - - - - - - -

~ 

~~~--~~~~--~~~~~--~~~~ 



BASIC DISTRIBUTION LIST (Cont ’d) ~ctcber 1976

No.  of :~ - : .  of
Organization Copies O~~~~~~~’-~ :. ______

Brookhaven National Laboratory
Technical Information Division
Upton , Long Island
New York 11973
Attn: Research Library Ci )

Library
Building 50 Room 134
Lawrence Radiation Laboratory
Berkeley , California C i )

~ 

_~~~~~~~~~~



~

L-

~

----

~

—’-- 
-

ER
October 1976

SUPPLEMENTARY DISTRIBUTION LIST

Technical and Sumary Reports

Dr . W. F. Adler Dr. A. G. Evans
Ef fects Techno logy Inc . Rockwe ll International
5323 Hol lister Avenue P.O . Box 1085
P.O. Box 30400 1049 Camino Dos Rios
Santa Barbara , CA 92105 Thousand Oaks , CA 91360

Dr. G. Bansa l Professor John Field
Battelle Univers i ty of Cambridge
505 King Avenue New Cavendish Laboraotry
Columbus , OH 43201 Cambridge ,

UNITED KINGDOM
Dr. S. A. Bort z
IITRI Dr. I .  Finney
10 W. 35th Street University of California
C h i c a g o , IL 60616 Berke ley , CA 94720

Dr . J. D. Buch Mr. A.  A. Fyall
Prototype Development Assoc., Inc. Roya l Aircraft Establishment
1740 Garry Avenue , Su ite 201 Farnborough , Ha nts
Santa Ana , CA 92705 UNITED KINGDOM

Dr. B. Budiansky Dr. L. M. Gi llin
Harvard University Aeronautica l Research Laboratory

- 
Department of Engineering and P.O . Box 4331

Applied Science Fisherma n ’ s Bend
Cambridge , MA 02 138 Melbourne , V I C 3001

AUSTRALIA
Professor.H. Conrad
Un iversity of Kentucky Dr. M. E. Gulden
Ma teria ls Department International Harvester Company
Lex ing ton , KY 40506 Solar Division

2200 Pacif ic Highway
Dr . A. Cooper San Diego , CA 92138
Case Western Reserve University
Materials Department Professor . A. H. Heuer
Cleveland , OH 44106 Case Western Reserve University

U n i v e r s i t y  C i rc le
Dr. N. Corney Cleveland , OH 44 106
~-1ini stry of DefenceThe Adeiphi Dr. R. Hoagland
John Adam Street Batte lle
London WC2N 6BB 505 King Avenu e

- 

UNITED KINGDOM Columbus , OH 43201



ER
Octob er 1976

SUPPLEMENTARY DISTRIBUTION LIST (Cont ’d)

Dr. R . Jaffee Dr. R. E. Loehman
Electr ic Power Research University of Florida

Ins titute Ceramics Division
Palo Alto , CA Gainesville , FL 32601

Dr. R . N. Katz Dr. N. MacMillan
Army Ma teria ls & Mechanics Materials Research Labora tory

Research Center Pennsylvania State University
Water town , MA 02171 College Park , PA 16802

Dr . H. Kirchner Mr. F. Markarian
Ceramic Finishing Company Naval Weapons Center
P.O. Box 498 C h i n a  Lake , CA 93555
State Col lege , PA 16801

Dr. F. A. McC lintock
Dr. B. Koe pke Massachusetts Inst it ute of Tec hnology
Honeywell , Inc . Department of Mechanical Engineering
Corporate Research Center Cambridge , MA 02139
500 Washington Avenue , South
Ho pkins , MN 55343 Dr. Perry A. Miles

Raytheon Company
Mr . Frank Koubek Research Div i s i on
Naval Surface Weapons Center 28 Seyon Street
Wh i te Oak Laboratory Waltham , MA 02154
Silver Spring, MD 20910

Dr . D. Mulville
Dr. F . F. Lange Office of Naval Research
Westinghouse Electric Corporation Code 474
Research Laboratories 800 N. Qu i ncy Street
Pittsburgh , PA 15235 Arlington , VA 22217

Dr. J . Lankford Dr. N. Perrone
Southwest Research Institute Office of Naval Research
8500 Cule bra Roa d Code 474
San An tonio , TX 78284 800 N. Quincy Street

Arlington , VA 22217
Dr . B. R. Lawn
Physics Department Dr. J. R . R i ce
Un iversity New South Wales Brown University
Kingston , New South Wales Division of Engineering
AUSTRALIA Providence, RI 0291 2

Sta te University of New York Dr. R. Rice
Colle ge of Ceramics at Alfred University Naval Research Laboratory
ATTN : Lib rary Code 6360
A lfrd , NY 14802 Washington , DC 20375

_  -
~~~~~~~~

-
~~~~~~~~~-



ER
October 1976

SUPPLEMENTARY DISTRIBUTION LIST CCon t’d )

Pro fessor R. Roy Dr. N . Co rney
Pen sylvania State University Ministry of De fence
Materials Research Laboratory The Adel phi
tiniveristy Park , PA 16802 John Adam Street

London WC2N 6B6
Dr. L. Rubin UNITED KINGDOM
Aerospace Corporation
P.O . Box 92957 Pro fessor John F i el d
Los Angeles , CA 90009 University of Cambridge

New Caven dish Laboratory
Dr. G. Schmidt Cambridge ,
A ir Force Materials Laboratory UNITED KINGDOM
Wri ght-Patterson AFB
Dayton , OH 54533 Dr. L. M . Gillin

Aeronau t ic al Researc h La bora tory
Dr. D. A . Shockey P.O. Box 4331
Stanford Research Institute Fisherman ’s Ben d
Poulter Laboratory Mel bourne , V I C 3001
Menlo Park , CA 94025 AUSTRAL IA
Dr. R . A. Tanzilli Dr. B. R. LdWfl
Genera l Electric Company Physics Department
Reen try and Environmenta l Systems University New South Wales

Division Kingston , New South Wales
3198 Chestnut Street AUSTRALIA
Philadelphia , PA 19101

Dr . T. Vasilos
AV CO Corporation
Re sea rc h and Advanced Develo pment

Division
201 Lowell Stree t
W i lm i ng ton , MA 01887

Dr. S. M. Wiederhorn
I norganic Materials Division
Na tiona l Bureau of Standards
Washington , DC 20234

~

-

~ -



UNCLASSIFIED
S E C U R I T Y  CLA’,’,l~~I~~A T n s ~ Or 5~~1~ A 1 l 4 I p ~ (~~~~ i I

REPORT DOCUMENTATION PAGE ‘ I

RE P O R T  Ns~~MI~~ - N G O V T  As 1~~~ . l ~~’l RO III LIP ~~~1 A T A L O G  N I lUf ~~

_ _  _ _ _ _ _ _  _______ - 
-/

_~~~~ _ _ ~~~_~~~~~~~~ _ ~~~~~~~~~~~~~~~~~~~~~

4 T I T L I  i,, ? ~.b,. sI.- ) ~- I s1 ’ I  U 1 1  I .-. 4 I- - U -  i S  I ./2 - —
~~~--- ----—‘---- -. - .. - 

nterim

~~~~ Study of Erosion Mechanisms of Engineering Rep~~-t. ~~~~
,

,/ .i N00014_73_C-0401J

~,/ Mary E1len/Gulde~/ 
-

~~ 
— -

9. P(RFOr1MIAI G O R G A N I ZA T I O N  NA M E AND A D D R E S S  0 PI~ ’ ( ‘ - ‘ U  I . [ M I .~~T II ’ I C ~ T A A
A P F A  A * ~~‘ ~~h I V  P. 1 1 3 1  h’~

Solar Turbines International, 
-

an International Harvester Group NRO32-542
P0 Box 80966, San Diego, CA 92138 

_______

I I  C O N T R O L L I N G O F E I C E  NA M E  A N D  A D D R E S S  - i
__
’
~

_ 
~~~~~~~~~~~~~~~~~~~~~~~

Department of the Navy Augu st ~~~
0’ffice of Naval Research - -

Arlington , VA 22 217 19 _____________________

IA  M O N I T O R I N G  ~~~~~~ P~~M~~~&..~~~ QR E-~.S(.1 d,II.,enI Iron, Co nI, ,lI,n~ OIl , .-~ I5  S E C U R I T Y  CL  A S S ~ I Ih , s  r .p~ r

~~~45 2c~p ( Unclassified 
-

~ 

- —-
• IS. Of ~~~ A S ç I F I ( A T I O N  D O W N G R A C I N G

/ S C H E D U L E

6 D I S T R I B U T I O N  S T A T E M E N T  (of  lb.. Repo rI)

DISTFUBIJTION ST~~T~ -

Distribution of this document is unlimited. p~~ 
- -

Approved foT
- :  -

17 0 1 S F  RIBU T I ON S T A T E M E N T  (of II~~ •b,rr•~~I ..nl,,, d .r, Bl.~r.b 20. .1 dllfp,,nI 3m ,,, F-I..porI)

IS  S U P P L E M E N T A R Y  N O T E S

IA X E  V W O R D S  (Con hinu • on me ’  e r r . . !. ii nree .c si r s And ,d en t r ( j  b. block numbepI

Impact Silicon Nitride Microscopy
Ceramics A1203
Erosion MgF2
Bend Strength Mechanical Propetties

20 A B S T R A C T  (Cnnl lnoe on ,.o.,i, .de  If ne .e .  ,.,~ - aol !d,~n,,ly b. b !ork  n,.n ,b pm) 
—

‘S d
Four “engineering” ceramics were subjected to impact (single particle) and
erosion (multiple impacts) under conditions which simulate a natural dust
environment in the subsonic velocity regime. The target ñuaterials are hot
pressed Si3Ni~, reaction bonded Si3N~, glass bonded A1203 and hot pressedMgF2. Tests were performed with 6 narrow size ranges of natural quartz
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between 10 and 385w’ average , and 5 velocities for each r’article size . Hot
pressed Si 3N~ was also impacted with SIC under the same particle sizo
velocity conditions.

The results are discussed in terms of current erosion and impact mc
considering particle size—velocity dependencies , appearan ce o f the i r - -o- ; t
damage, and the basic properties and structure of the targets.

Under these erosion condit ions, the four target materials exhibited ~:ideiy
different behavior not only in absolute amount of material removed , ~~ut
also in mechanism of removal. The systems hot pressed Si 3N~-SiC particles
and MqF2-quartz particles were characterized by plastic impact with
associated lateral and radial crack formation , and erosion loss was -

proportional to particle mass and velocity to the fourth power. Erosior, of
hot pressed Si3N~ impacted with quartz particles was proportional to the
f i r s t  power of particle size and velocity , and loss occurred by minor
chipping with no secondary crack formation. Erosion of glass bonded A1203
and reaction bonded SI3Nt did not show a consistent particle size-velocity
dependence. The variation is related to the two phase structure of these
materials. It was found that strength is not necessarily reduced for
erosion con~

’1tions which produce appreciable material removal.
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